Dynamic alterations in chromatin configuration occur in mammalian oocytogenesis. Based on chromatin configuration patterns, fully grown oocytes are classified into two types. One is surrounded nucleolus (SN)-type and the other is nonsurrounded nucleolus (NSN)-type oocytes. Although chromatin condensation during the transition from NSN-to SN-type oocytes is a prerequisite for normal early embryonic development, the molecular mechanisms remain unclear. In this study, we analyzed the role of DPPA3 (also known as PGC7/Stella) in this transition using Dppa3-null oocytes. The NSN-to-SN transition was significantly impaired, and transcriptional repression was incomplete in the Dppa3-null oocytes. Additionally, we revealed that prior transcriptional repression was necessary for the NSN-to-SN transition. These findings demonstrate that DPPA3 is an essential factor for the production of functional oocytes through transcriptional repression and chromatin condensation.
INTRODUCTION
Germ cell development is essential for transmitting genetic information from generation to generation. Genome-wide changes in epigenetic modification have been reported in early and late female germ cell development. In the early development of germ cells, both dimethylation of histone H3 lysine 9 (H3K9me2) and DNA methylation are reduced, and, reciprocally, trimethylation of histone H3 lysine 27 (H3K27me3) occurs in primordial germ cells (PGCs) around Embryonic Day 8 [1, 2] . In the later phase after birth, histone modifications, such as acetylation and methylation, increase during oocyte growth, and the levels of most histone modifications are highest in fully grown oocytes (FGOs) [3] . Thus, epigenetic reprogramming plays pivotal roles in the production of oocytes competent for subsequent meiosis, fertilization, and early embryogenesis.
The chromatin configuration in the oocyte nucleus changes progressively from nonsurrounded nucleolus (NSN)-type FGOs, in which the chromatin distribution is primarily diffuse with several heterochromatin regions, to surrounded nucleolus (SN)-type FGOs, in which the chromatin is condensed around the nucleolus with fewer heterochromatin regions, around 3 wk after birth [4] [5] [6] [7] . The transition from the NSN-to-SN configuration and global transcription repression occurs almost simultaneously, and these two molecular events are reportedly prerequisites for normal embryogenesis after fertilization [8] [9] [10] . The factors responsible for these processes and the relationship between the transition and transcriptional repression remain unclear despite their biological importance.
MATERIALS AND METHODS

Collection, Classification, and Culture of FGOs
FGOs were obtained from the ovaries of 8-to 11-wk-old Dppa3 À/À and Dppa3 þ/þ (control) female mice and placed in FHM HEPES-buffered medium (Millipore) supplemented with 150 lM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) to prevent spontaneous maturation of isolated oocytes. Germinal vesicle (GV) oocytes were collected by puncturing the largest preovulatory follicles with a fine needle, and the cumulus cells were gently removed from the cumulus-oocyte complexes using a narrow-bore glass pipette. Only those oocytes with a diameter greater than 75 lm were used in the following experiments. The mice used for this study bore a mixed background of 129/Sv 3 C57/BL/6. Animal care was in accordance with guidelines of Osaka University.
For classification, FGOs were fixed with 4% paraformaldehyde in PBS for 20 min. After washing with 0.1% bovine serum albumin (BSA) in PBS, the oocytes were permeabilized with 0.2% Triton X-100 in PBS for 15 min at room temperature, washed with PBS and then labeled with 1 lg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI) for 10 min. According to chromatin configuration, SNtype oocytes (in which the condensed heterochromatin was located around the nucleolus), NSN-type oocytes (in which the heterochromatin did not surround the nucleolus), and intermediate type (M) (in between the NSN and SN types) were distinguished. We performed blinded test for the objective classification of FGOs.
For transcriptional inhibition and Dppa3 mRNA injection experiments, the living oocytes were classified as SN or NSN type without DNA staining, as described previously [11] . Briefly, GV-stage oocytes were incubated in aminimum essential medium (a-MEM; Gibco-BRL) containing IBMX, 5% fetal bovine serum (Sigma-Aldrich). After a 1-h incubation, some of the cells exhibited a perivitelline space (PVS). More than 90% of oocytes that form a PVS have a GV with the SN-type configuration, while all the oocytes that lack a PVS have a GV with the NSN-type configuration, as reported previously [11] . The PVS-lacking oocytes were used as NSN-type FGOs.
Immunofluorescence Confocal Microscopy
Oocytes were fixed with 4% paraformaldehyde in PBS for 20 min. After washing with 0.1% BSA in PBS, the oocytes were permeabilized with 0.2% Triton X-100 in PBS for 15 min at room temperature and washed several times with PBS. Nonspecific staining was blocked with 5% normal goat serum (SigmaAldrich) for 1 h, and the oocytes were incubated with primary antibodies against DPPA3 (1:10 000 dilution), histone H4 acetylated on lysine 12 (Upstate 
Evaluation of Condensation of Heterochromatin
Condensations of heterochromatin were determined by measuring the areas of heterochromatin regions using NIH image J. About 50 FGOs of control and PGC null conditions were analyzed.
Detection of Transcription
Transcriptional activity was determined by 5-bromouridine 5 0 -triphosphate (BrUTP) incorporation as described previously [10] . BrUTP (100 mM solution in 2 mM Pipes buffer, with 140 mM KCl, pH 7.4; Sigma-Aldrich) was microinjected into the cytoplasm of GV oocytes, using an Eppendorf microinjector 5242. After the injection, FGOs were cultured for 20 min in IBMX-containing HEPES-buffered potassium simplex optimized medium (Millipore) at 378C and fixed as described. The oocytes were incubated with anti-5-bromo-2 0 -desoxyuridine (BrdU; Sigma-Aldrich; diluted 1:100), which can recognize BrU as well as BrdU, overnight at 48C. After washing with 0.1% BSA in PBS several times, oocytes were incubated with a secondary antibody, Alexa568-conjugated anti-mouse-Ig (HþL) antibody (1:500 dilution) for 60 min. The oocytes were mounted on glass slides and observed under a laserscanning confocal microscope (Carl Zeiss 510).
Treatment with a Transcriptional Inhibitor
FGOs were incubated in a-MEM in the presence of 150 lM IBMX and 120 lM 5,6-dichlororibofuransyl-benzimidazole (DRB; Sigma-Aldrich) for 24 h at 378C in 5% CO 2 /95% air. After incubation, the oocytes were stained with anti-DPPA3 antibodies.
In Vitro Transcription and mRNA Microinjection
Capped Dppa3 mRNA was synthesized using a T7 mMessage mMachine kit (Ambion). Poly (A) tails were added to the capped mRNA using a Poly (A) Tailing Kit (Ambion) according to the manufacturer's protocol. The synthesized mRNA was purified by phenol/chloroform extraction and precipitated with ethanol. The mRNA samples were dissolved with nucleasefree water at a final concentration of 100 ng/lL and stored at À808C. Dppa3 mRNA was microinjected into the cytoplasm of PVS-lacking Dppa3-null FGOs and were incubated in a-MEM containing 150 lM IBMX for 24 h at 378C in 5% CO 2 /95% air. After incubation, the oocytes were stained with an anti-DPPA3 antibody and DAPI.
RESULTS
Requirement for DPPA3 in the Maturation of FGOs
Dppa3 (also called PGC7 and Stella) was initially identified as a gene expressed predominantly in PGCs [12, 13] . A genedisruption study of DPPA3 revealed that the gene was [14, 15] . We previously reported that nuclear localization of DPPA3 was required to protect the methylated DNA of the maternal genome from active DNA demethylation processes after fertilization. In that study, we found that only 3% of the zygotes derived from Dppa3-null oocytes showed normal preimplantation development to the blastocyst stage in vitro [16] . In contrast, when nuclear localization of DPPA3 was inhibited after fertilization, about 30% of zygotes showed normal development [16] .
CHROMATIN CONDENSATION DURING OOCYTOGENESIS
This discrepancy between the null mutation and the postfertilized functional impairment of DPPA3, which was attributable to the function of DPPA3 during the oocytogenesis, suggested that the Dppa3-null mutation should play some role(s) in oocytogenesis other than the postfertilized protection of DNA methylation status. Based on this, we first examined the localization of DPPA3 in NSN-type and SNtype FGOs. DPPA3 was diffusely localized in the NSN-type FGOs, whereas most DPPA3 was localized around the nucleoli in the SN-type FGOs (Fig. 1) , consistent with a previous report [17] . The dynamic change in DPPA3 localization during oocyte maturation suggested a possible role of DPPA3 in the NSN-to-SN transition. Next, to investigate whether DPPA3 was required for the NSN-to-SN transition, we compared chromatin configurations of FGOs obtained from 8-to 11-wk-old wild-type and Dppa3-null mice by DAPI staining. NSN-type oocytes were defined by the decondensed and dispersed chromatin configuration in the nucleoplasm with several prominent, round heterochromatin regions. SN-type oocytes are characterized by ringshaped condensed chromatin surrounding the nucleolus, and only a few heterochromatin chromatin regions were observed in wild-type SN oocytes.
As shown in Figure 2 , A and B, fewer than 20% of the Dppa3-null FGOs were SN-type oocytes, whereas 63% of the control FGOs were SN-type oocytes. The percentages of the ''intermediate'' phenotype between NSN and SN types were 6.2% and 14.9% in the wild-type and the Dppa3-null FGOs, respectively. Moreover, the morphology and the number of heterochromatin regions were abnormal in the Dppa3-null oocytes. As shown in Figure 2C , heterochromatin regions in the normal FGOs were round or oval shaped. In contrast, those in the Dppa3-null FGOs were irregularly shaped and less condensed (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). The percentages of heterochromatin regions with abnormal shapes were significantly higher in the Dppa3-null FGOs in the transition from NSN to SN (Fig. 2D) . The numbers of heterochromatin regions were not significantly different between wild-type and DPPA3-null NSN FGOs (7.8 6 1.5 vs. 7.1 6 1.2, mean 6 SD, n ¼ 12, P . 0.1, t-test). However, the number of heterochromatin regions in the Dppa3-null SN FGOs was significantly higher than that in the wild-type SN FGOs (8.3 6 1.7 vs. 2.6 6 1.1, n ¼ 12, p . 0.0001, t-test; Fig. 2E ). These results show that DPPA3 plays an essential role in the condensation of heterochromatin and the establishment of chromatin configuration during maturation.
Heterochromatin-Associated Proteins and Histone Modifications in Dppa3-Null FGOs
To confirm the impaired chromatin configuration and heterochromatin condensation during the NSN-to-SN transition in Dppa3-null FGOs, we performed immunostaining with antibodies against two heterochromatin-associated proteins, HP1b and CREST. HP1b, a marker of pericentric heterochromatin, was localized mainly in the heterochromatin regions and in the pericentric regions of wild-type NSN and SN FGOs, respectively. In Dppa3-null FGOs, although a similar localization pattern was observed, staining intensity was lower, and a diffuse localization was prominent in the nucleoplasm (Fig.  3A) . Similarly, the heterochromatin regions and perinucleolar rings were also strongly stained with the CREST antiserum, recognizing centromeric kinetochore proteins [18, 19] . Immunostaining with the CREST antiserum showed irregularly shaped and less condensed heterochromatin regions in the Dppa3-null FGOs (Fig. 3B) .
Global epigenetic modifications, such as the methylation of lysine 4 of histone H3 (H3K4), lysine 9 of histone H3 (H3K9), lysine 27 of histone H3 (H3K27), and acetylation of lysine 12 of histone H4 (H4K12), occur during oocyte growth. Because the localization patterns of these modified histones in the nucleus of NSN-type oocytes were different from those of SNtype oocytes [3] , we conducted immunostaining of wild-type and Dppa3-null FGOs with antibodies against these modifications (Fig. 3, C and D; Supplemental Fig. S2 ). All the examined histone modifications, di-and trimethylated H3K4 (H3K4me2 in Supplemental Fig. S2A ; H3K4me3 in Fig. 3C ), di-and trimethylated H3K9 (H3K9me2 in Supplemental Fig.  S2B ; H3K9me3 in Fig. 3D ), trimethylated H3K27 (H3K27me3 in Fig. 3E ), and acetylated H4K12 (H4K12Ac in Supplemental  Fig. S2C ), were higher in the SN-type than in the NSN-type, consistent with a previous report [3] . Heterochromatin histone marks by H3K4me3, H3K9me3, and H3K27me3 were less concentrated and relatively diffuse in the heterochromatin regions in the Dppa3-null FGOs (Fig. 3) . These immunostaining data also showed that the NSN-to-SN transition was impaired in the Dppa3-null FGOs, as was the chromatin configuration pattern shown by DAPI staining.
Transcriptional Repression by DPPA3 in the FGOs
We examined whether DPPA3 induced an efficient NSN-to-SN transition by microinjection of DPPA3 mRNA into cytoplasm of the PVS lacking Dppa3-null oocytes, which have an NSN-type configuration (Fig. 4A) . The data showed that expression of DPPA3 brought about more condensed heterochromatin regions and perinuclear condensation. The microinjection significantly increased the percentages of SNtype FGOs from 21% (12/58) to 64% (35/57; P , 0.0001, chisquare test; Fig. 4B) . Additionally, as shown in Figure 4C , the percentages of abnormally shaped heterochromatin regions decreased from 51% (29/58) to 19% (11/57) with the expression of DPPA3 (P , 0.0006, chi-square test). Thus, expression of DPPA3 induced the NSN-to-SN transition.
It has been reported that the transition to the SN configuration is temporally coordinated with global transcrip- tional repression, and global transcriptional repression in SNtype oocytes is a critical event for subsequent embryonic development after fertilization [8, 9, 20] . As shown in Figure  4D , BrUTP incorporation analysis revealed that transcription was active in both the wild-type and the Dppa3-null NSN-type FGOs, at similar levels. In contrast, transcription was inactive in the wild-type SN-type FGOs but was still active in about half the Dppa3-null SN-type FGOs (0/12 vs. 7/12, respectively; P , 0.0025, chi-square test; Fig. 4E ). These results indicated that transcriptional repression in the NSN-to-SN transition was impaired in the Dppa3-null FGOs.
Requirement for Transcriptional Repression in the NSN-to-SN Transition
Next, we examined whether transcriptional repression induced the transition to SN. PVS-lacking oocytes were collected and cultured in the presence or absence of DRB, a potent inhibitor of transcription, for 24 h. Four of 20 oocytes from wild-type mice were SN-type FGOs after culturing in the absence of DRB. However, all 20 oocytes became SN-type FGOs after culturing in the presence of DRB (Fig. 4D ). These data demonstrated that transcriptional repression by DRB significantly promoted the transition in wild-type FGOs (P , 0.0001, chi-square test).
This transcriptional repression-induced transition was observed even with no DPPA3. Specifically, although 2 of 20 oocytes from null mice were SN-type FGOs after culturing in the absence of DRB, all the oocytes (20/20) became SN-type FGOs after culturing in the presence of DRB (P , 0.0001, chisquare test; Fig. 4E ). Thus, transcriptional repression induces the NSN-to-SN transition regardless of DPPA3, suggesting that the function of DPPA3 is upstream of transcriptional repression.
DISCUSSION
In this study, we analyzed the role of DPPA3 in oocytogenesis. Dppa3 deficiency dramatically inhibited the transition from NSN-type to SN-type FGOs (Fig. 2, A and B) . Abnormal morphology and the number of heterochromatin regions were observed in Dppa3-null FGOs (Fig. 3A) . In addition, transcriptional repression was impaired in the SN-type FGOs under the Dppa3-null condition (Fig. 4E) .
We previously reported that DPPA3 was required to protect the DNA methylation of the maternal genome, several imprinted loci, and IAP transposon against active DNA demethylation processes after fertilization [16] . Genomic imprinting, which plays pivotal roles on parent-specific gene expression, is established during oocyte growth. Differential methylation regions of maternally imprinted genes are gradually methylated during the oocyte growth and are completed in the oocyte of 25-day-old mice [21, 22] . It seems reasonable to consider that the change of chromatin configuration is involved in the establishment of genomic imprinting because SN-type oocytes first appear in ovaries about 16 days after birth and increase thereafter [11] . However, genomic imprints were correctly established even in the Dppa3-null MII oocytes [16] . These data clearly indicate that establishment of genomic imprints during oocytes growth is independent of the change in chromatin configurations.
It has recently been demonstrated that MLL2 is required for global transcriptional repression though the trimethylation of histone H3K4 (H3K4me3) in SN oocytes [23] . Although the levels of H3K4me2/3 were not altered in Dppa3-null SN oocytes, chromatin condensation and transcriptional repression were impaired in Dppa3-null NSN oocytes ( Fig. 3C;  Supplemental Fig. S1A ). These data suggest that MLL2 is upstream of the repressive histone modifications in FGOs but that DPPA3 is not. Additionally, it seems reasonable to consider that MLL2-induced repressive modification and DPPA3 independently affect subsequent chromatin condensation and transcriptional repression.
Transcriptional repression is necessary and sufficient for the final step of the NSN-to-SN transition because inhibition of transcription induced the change in chromatin configuration. Additionally, the transcription-induced transition of NSN to SN oocytes was observed even in the absence of DPPA3, and transcriptional repression was incomplete in Dppa3-null SNtype FGOs. Thus, we conclude that DPPA3 is not an essential factor but is an efficient facilitator of transcriptional repression and the subsequent NSN-to-SN transition. We have recently found that DPPA3 protects the methylated maternal genome via chromatin-containing H3K9me2 soon after fertilization. An increase in this histone marker was observed during the NSNto-SN transition. From this, it seems reasonable to consider that DPPA3 promotes transcriptional repression in collaboration with histone modification in oocyte maturation as well as in early embryogenesis.
